The nonlinear distortion of the astronomic tide in the Lower St. Johns River is investigated. Computed tidal elevations are analyzed at various locations within the Lower St. Johns River. The modeling approach first evaluates the boundary condition applied at the open ocean with regards to it providing a complete description of the tidal elevation, followed by numerical experimentation and a tidal constituent analysis that examines the effects of finite wave amplitude, advection, and bottom friction towards distorting the tide as it propagates upriver. The distortions caused by each nonlinear source are presented in both the time and frequency domains. Analysis at observation stations reveals a river tide with more coastal characteristics near the mouth and with more considerable distortion upriver. The spectroscopy of the astronomic tide for the Lower St. Johns River is established in terms of a custom set of tidal constituents.
BACKGROUND AND INTRODUCTION
The harmonic method of tidal prediction utilizes a superposition of a finite number N f of waves:
(1) where each wave k contains a unique frequency ω k , defined by a six-component vector of astronomical frequencies and a six-component vector of integers (Doodson 1921) . The amplitudes A and ϕ phases are determined by a harmonic analysis of a tidal record for a given set of frequencies specified in advance. For locations in the open ocean and up to the coast, only a few frequencies need to be used to account for nearly all of the tidal variance (Reid 1990 ). On the other hand, the astronomic tide becomes distorted in the estuary due to nonlinear interactions with the coastal geometry and the river bed. In the shallow water environment, the nonlinear byproducts resulting from this distortion can be defined as frequencies equal to multiples, sums, and differences of the fundamental frequencies of the ocean tide. Here we can distinguish the astronomical tidal constituents as having frequencies linked directly to the astronomical forcing bodies and the shallow water tidal constituents as arising from dispersion of the fundamental (astronomically driven) waves.
In the following paper, we examine the tidal spectroscopy of the Lower St. Johns River with a highresolution shallow water model. An ocean tide is forced at the open boundary with seven fundamental frequencies. The nonlinear shallow water equations are the basis of the hydrodynamic solution, which permits for the development and growth of higher harmonics and compound tides in the river. A predefined set of tidal constituents (containing N f = 23 frequencies) is used initially to extract a set of amplitudes and phases from a harmonic analysis of computed tidal elevations for four stations within the Lower St. Johns River. This pre-defined set of 23 frequencies is generated from a compilation of tide modeling studies, few of which enter deep into an estuary and none of which enter into a coastal system like the St. Johns River (Luettich et al. 1992) . First, we demonstrate a diminishing performance, with respect to river distance from the mouth, with this pre-defined 23 constituent set when attempting to recreate the astronomic tide in the Lower St. Johns River. Therefore, we consider an alternative harmonic analysis utility T_TIDE (Pawlowicz et al. 2002) for the extraction of a more complete set of harmonics. This exercise yields a set of 30 tidal constituents that have a performance comparable to the pre-defined constituent set of 23. Finally, the frequencies between the 23-and 30-constituent datasets are examined to isolate 16 frequencies which are uncommon between the two sets. A custom constituent set (containing N f = 39 frequencies) is then constructed to combine these 16 uncommon frequencies (gained from the T_TIDE application) with the pre-defined 23 frequencies. This custom constituent dataset is shown to be most adequate towards recreating the astronomic tide in the Lower St. Johns River.
There is an apparent spatial variability to the relative performances of the different constituent datasets considered herein. Near the mouth, the river tide is simple enough to recreate using any of the constituent sets. (Herein, the term river tide will be used to make reference to the astronomic tide when it is inside the estuary; this is to differentiate from the astronomic tide when it is outside of the estuary, where herein we will refer to as the oceanic tide.) Conversely, higher harmonics and compound tides contribute more significantly in the upstream reaches of the Lower St. Johns River, and only the custom constituent set is sufficient to recreate the astronomic tide upriver. We then interpret the custom constituent set in terms of the nonlinearly generated frequencies that it contains. The shallow water tidal constituents contained within the custom frequency set are categorized based on their respective physical origin: finite wave amplitude, advection, and bottom friction. From the analysis, insight is gained on the physical mechanisms which are responsible for the tidal distortion that occurs in the Lower St. Johns River.
NUMERICAL MODEL CODE
Tidal calculations are performed using ADCIRC-2DDI, the depth-integrated option of a set of two-and three-dimensional, fully nonlinear, hydrodynamic codes named ADCIRC (Luettich et al. 1992) . ADCIRC-2DDI uses the vertically integrated equations of mass and momentum conservation, subject to the hydrostatic pressure approximation. For the applications presented in this paper, the hybrid bottom friction formulation is used, the baroclinic terms are neglected, and the advective and lateral diffusion/dispersion terms are employed, leading to the following set of balance laws in primitive, nonconservative form, expressed in a spherical coordinate system (Kolar et al. 1994a) :
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and t = time; λ, φ = degrees longitude (east of Greenwich positive) and latitude (north of equator positive), respectively; U, V = depth-integrated velocity in the longitudinal and latitudinal directions, respectively; H = total height of the water column, h + ζ; h = bathymetric depth, relative to the North American Vertical Datum of 1988 (NAVD88); ζ = free surface elevation, relative to NAVD88; R = radius of the Earth; f = 2Ωsin φ Coriolis parameter; Ω = angular speed of the Earth; p s = atmospheric pressure at the free surface; ρ 0 = reference density of water; g = acceleration due to gravity; α = Earth elasticity factor; E h 2 = horizontal eddy viscosity; τ sλ , τ sφ = applied free surface stress in the longitudinal and latitudinal directions, respectively; τ * = bottom stress; η = Newtonian tide potential. Eqs. (2)- (4) are reformulated into a Generalized Wave Continuity Equation (GWCE) to provide highly accurate, noise free, finite element-based solutions to the shallow water equations (Lynch and Gray 1979; Kinnmark 1985; Kolar et al. 1994b ). The GWCE is derived by combining a timedifferentiated form of the primitive continuity equation and a spatially differentiated form of the primitive, conservative momentum equations, and adding to this result, the primitive continuity equation multiplied by a constant in time and space, τ 0 , followed by a transformation of the advective terms into non-conservative form. The GWCE is solved in conjunction with the primitive, nonconservative momentum equations using a standard Galerkin finite element method on linear, triangular finite elements in space, and a three-time-level implicit scheme in time.
DOMAIN DESCRIPTION
The St. Johns River (Figure 1 ), located in northeastern Florida, is the longest river (500 km) contained wholly within the state of Florida (Toth 1993). The river bottom (or channel invert) drops an average of only 2.2 cm per km of length (slope = 0.000022). This near flat bathymetric profile of the St. Johns River permits tide-induced flow reversal to extend 170 km upstream from the river mouth (Morris 1995) . We employ a high-resolution discretization of the lower 170 kilometers of the St. Johns River, from the open-ocean connection at Mayport to the upstream limit at Lake George (Figure 2 ). The finite element mesh contains 23349 computational nodes and 42102 triangular elements. Element sizes at Mayport, the inlet which services the St. Johns River, are about 150 m. Element sizes are generally around 100 m throughout the length of the river, with the largest element sizes being at 500 m and the smallest sizes being at 50 m. The finite element mesh is inlet-based; it contains an open boundary which extends radially outward from Mayport with a radius of approximately 10 km (Bacopoulos et al. 2009 ). This localized modeling approach is acceptable given that an accurate boundary condition is provided, which will be confirmed in the application presented herein. All bathymetry and coastline definition results from data provided by the St. Johns River Water Management District and the National Geophysical Data Center Coastal Relief Model.
MODEL APPLICATION
Since a localized modeling approach is being employed, it is necessary to check the ocean tide forcing being used as the boundary condition. First, the ocean tide forcing is a periodic elevation (Dirichlettype) condition consisting of seven tidal constituents (all of astronomical origin; M2, S2, N2, K2, K1, O1, and Q1) derived from the Western North Atlantic Tidal model domain (Hagen et al. 2006) . The ocean tide forcing is checked by comparing a resynthesis (see Eq.
[1]) of the seven forcing frequencies to the time-series tidal signal used in the harmonic analysis, which herein is the 30-day time period from day 15 to day 45 measured from the beginning of a tidal epoch. To compare quantitatively, the root mean square (RMS) error is used: which involves the squared differences between the tidal resynthesis y and the time-series x summed over a number N p data points. Of the seven astronomical constituents composing the ocean tide forcing, the M2 tidal constituent has the largest amplitude of 77.3 cm, over five times that of the second strongest constituent S2. The time-series consists of a modulating amplitude, ranging from 125 cm during spring phase to 50 cm during neap phase. To assess the effectiveness of using the seven forcing frequencies towards describing the full tidal signal, we compute an RMS error of 1.4 cm, which when compared to the M2 amplitude (of 77.3 cm) relates to a 1.8% error. (For all data comparisons herein, the RMS normalizing factor will always be the local M2 amplitude.) Alternatively, we interpret this as the seven forcing frequencies accounting for over 98% of the overall tidal variance. (Herein, this capture/miss ratio will be used as a general gauge by which to assess the forthcoming data comparisons.) Further, by employing a resynthesis of the seven forcing constituents we ensure that the model is driven by a pure tidal signal without numerically induced noise. With confidence in the ocean tide forcing, we parameterize the model as follows: runs begin from a cold start and at the beginning of a tidal epoch; the advective terms (see Eqs.
[3] and [4]) are enabled; no-flow boundary conditions are specified along all land boundaries; the open-ocean boundary is elevation-forced as described above; applied boundary forcings are ramped over a period of 10 days (Luettich et al. 1992 ); a time step of 5 seconds is used to ensure that the Courant number criterion is satisfied throughout the computational domain (Westerink et al. 1994) ; 45 days of real time is simulated; the last 30 days of the simulated water surface elevations are harmonically analyzed (using the harmonic analysis utility contained within ADCIRC-2DDI [Luettich et al. 1992] ) in order to determine the amplitudes and phases relating to 23 tidal constituents (Table 1) . River fluxes at the upstream boundary are neglected since, even during moderate-to-high flow conditions, the tides (in the absence of meteorology) dominate water level variability (Bacopoulos et al. 2009 ). Horizontal eddy viscosity (see E h 2 in Eq.
[5]) is set to 5.0 m 2 /s. The GWCE weighting parameter, τ 0 , is set to 0.01 (Kolar et al. 1994b ). The wetting and drying algorithm is employed, with the minimum bathymetric depth set to 0.01 m (i.e., computational nodes and the accompanying elements with water depths less than the prescribed minimum bathymetric depth are considered to be dry). Very few nodes in the computational mesh are above the datum; instead, we enable wetting and drying primarily to account for nodes which experience a tidal amplitude that is greater than their local depth.
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Volume 2 · Number 1 · 2011 The hybrid bottom friction formulation is used, which is a standard quadratic function that increases drag in shallower waters (Luettich et al. 1992) : (8) where τ * = bottom stress; C f = (dimensionless) bottom friction coefficient; U, V = depth-integrated velocity in the longitudinal and latitudinal directions, respectively; H = water column depth; C f min = (dimensionless) minimum bottom friction coefficient; H break = break depth; θ = dimensionless parameter that controls how rapidly the bottom friction coefficient approaches its upper and lower limits; γ = dimensionless parameter that controls how quickly the bottom friction coefficient increases as water column depth decreases. The minimum bottom friction coefficient C f min = 0.0025. The break depth H break = 10m: if H > H break , then C f = C f min , and if H < H break , then C f is calculated by Eq. (8). The dimensionless parameters θ = 10 and γ = 1/3. All of the above parameter values are standard for ADCIRC; cf. Luettich et al. (1992) .
Model results are validated against historical tides for four stations located in the Lower St. Johns River. (Refer to Figure 2 for station locations and Table 2 for station information.) Of these four stations, two are located in the lower reaches of the river (where the channel is deep, constricted, and sinuous) and two are located in the upper reaches of the river (where the channel is wide and shallow). Time-series water surface elevations are compared to a resynthesis of historical tidal constituents (Figure 3 ). RMS errors computed for each station reveal little discrepancy between simulated and observed tidal heights (Table 3) : 7.5 cm at Dames Point, 4.8 cm at Acosta Bridge, 2.4 cm at Buckman Bridge, and 3.1 cm at Shands Bridge.
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TIDAL CONSTITUENT ANALYSIS
Tidal constituents are analyzed at four stations located in the Lower St. Johns River. (Refer to Figure 2 for station locations and Table 2 for station information.) Time-series water surface elevations are written every 6 minutes for 30 days (from day 15 to day 45 measured from the beginning of a tidal epoch). The time-series are then harmonically analyzed in order to extract tidal harmonics. We test using record lengths longer than 30 days, up to a year long, and very similar results were produced; we therefore use the 30-day time-period (from day 15 to day 45 measured from the beginning of a tidal epoch) in all harmonic analyses presented herein. For the determination of the amplitudes and phases of the preset frequencies to include in the tidal constituent dataset, the harmonic analysis utility of ADCIRC (Luettich et al. 1992 ) will be employed. Initially, we produce a set of computed tidal harmonics for the pre-defined set of 23 tidal constituents (Table 4) . For all four stations, the M2 tidal constituent is the strongest, with amplitudes around five times those of the second strongest constituents (either N2 or K1, depending on station location). Also notable about the M2 tide in the Lower St. Johns River is its degradation with river distance from the mouth. Over the 60-km reach between Dames Point and Shands Bridge, the M2 amplitude reduces from 50.9 cm to 10.0 cm, an over 80% reduction. The decay in the wave amplitude is also noticeable in the time-series, where at Dames Point the wave amplitude modulates between 35 cm during spring phase and 20 cm during neap phase, and at Shands Bridge the wave amplitude modulates between 15 cm during spring phase and 10 cm during neap phase. Another observation is that the seven forcing constituents applied at the open boundary are not the seven most dominant tidal constituents observed in the river. For example, the M4 and M6 tidal constituents contribute more than the K2 and Q1 tidal constituents, regardless of station location.
Since there is an apparent nonlinear response in the Lower St. Johns River, our first task is to examine the suitability of the pre-defined set of 23 tidal constituents towards capturing the overall tidal variance. Presented in Table 3 (second and third columns) is the error associated with the fit between the resyntheses of the pre-defined 23 frequencies and the full modeled tidal signals for the four stations in the Lower St. Johns River. Foremost, there is diminishing skill in the resynthesis/time-series data fit with increasing river distance from the mouth. Near the river mouth, the pre-defined 23 frequencies capture about 97% of overall tidal variance (Dames Point). Upriver, this capture/miss ratio falls to 92% (Shands Bridge). Clearly, the pre-defined set of 23 tidal constituents is missing some information, this information which would account for nonlinear effects and which would be in the form of shallow water tidal constituents.
The goal then is to update the pre-defined set of 23 tidal constituents by providing additional (shallow water) tidal constituents in the frequency set. Therefore, we consider an alternative harmonic analysis utility T_TIDE (Pawlowicz et al. 2002) for the extraction of a more complete set of harmonics.
(We use T_TIDE solely for the identification of additional frequencies to include in the tidal constituent dataset. For the determination of the amplitudes and phases of the additional frequencies, the harmonic analysis utility of ADCIRC [Luettich et al. 1992 ] is employed.) The T_TIDE routine utilizes an automated selection algorithm (after Foreman [1977] ) to pre-define the constituents to determine from the harmonic analysis. All constituents (a total of 146) are ordered by rank according to equilibrium amplitude. Less important constituents whose frequencies are less than the Rayleigh resolution limit apart from more important constituents in frequency are discarded. This requires a record of sufficient length in order to resolve constituents of near equal frequencies. We tested using record lengths up to a year long in the harmonic analysis and determined that there was no advantage gained by using records longer than 30 days. Thus, 30-day time-series for each of the four stations are applied in T_TIDE. Program output is a set of 30 tidal constituents (Table 5 contains the amplitudes ranked in descending order for the four stations; Table 1 contains the frequencies ranked in ascending order).
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Volume 2 · Number 1 · 2011 Fourteen tidal constituents are found to be common between the pre-defined set of 23 tidal constituents and the 30-constituent set extracted from T_TIDE (see bold/italic figures in Tables 4 and 5 ). The amplitudes determined for these respective constituents, when the pre-defined set of 23 tidal constituents is used, are slightly different from those determined when the 30-constituent set is used, which is due to the presence of more shallow water tidal constituents. Using the 30 tidal constituents to recreate the full tidal signal reveals a comparable performance relative to using the pre-defined set of 23 tidal constituents (Table 3 , fourth and fifth columns). In fact, there is a slight drop off in performance when using the 30-constituent set; however, this begs the question not about the strict number of tidal constituents to include in the harmonic analysis, but about the correct combination of constituents to include. Therefore, we examine the frequencies between the 23-and 30-constituent datasets to isolate 16 frequencies which are uncommon between the two sets. These 16 uncommon frequencies (gained from the T_TIDE application) are then combined with the pre-defined 23 frequencies to generate a custom constituent set (containing N f = 39 frequencies) ( Table 6 contains the amplitudes ranked in descending order for the four stations; Table 1 contains the frequencies ranked in ascending order).
The final task is to assess the performance of the custom constituent dataset. First, we scrutinize the additional shallow water tidal constituents provided in the custom frequency set (see bold/italic figures in Table 6 ). Of these 16 frequencies, 6 are compound tides which occur at astronomical speeds (2Q1, NO1, J1, OO1, UPS, and ETA2; refer to Table 1 for their respective frequencies). The remaining 10 constituents are overtides with ter-, quarter-, fifth-, sixth-, or seventh-diurnal speeds (MO3, M3, MK3, SK3, S4, 2MK5, 2SK5, 2MS6, 2SM6, and 3MK7; refer to Table 1 for their respective frequencies). These shallow water tidal constituents are generated nonlinearly by the various interactions within the river tide, and we expect their inclusion in the harmonic analysis to allow for better capture of the timeseries. In fact, we show this custom constituent dataset to be most adequate towards recreating the astronomic tide in the Lower St. Johns River (Table 3) . At Dames Point, the normalized RMS error (1.8%) compares favorably to the data fit obtained with the ocean tide forcing (1.8%). Where skill in the resynthesis/time-series data fit continues to diminish with increasing river distance from the mouth, using the custom constituent dataset ensures top performance for all four stations. 
NONLINEAR TIDAL DISTORTION
Longwaves in the open ocean tend to amplify as they enter an embayment. Within a coastal river, the oceanic tide forces a wave motion upriver. This wave motion becomes distorted due to its interaction with the coastline, bottom, surrounding flow field, etc. Our investigation herein is on the nonlinear tidal distortion occurring in the Lower St. Johns River. First, we output model results at twelve observation stations strategically placed throughout the Lower St. Johns River to provide a greater scope of the river hydrodynamics. The inlet at Mayport serves as the most downstream observation station and the middle of Lake George serves as the most upstream observation station, ranging over 180 river kilometers. We place five observation stations upstream from the inlet to river kilometer 25, where the channel begins to widen and shoal. Next, we place three more observation stations at river kilometers 40, 60, and 80.
In the upper reaches of the Lower St. Johns River the channel constricts again and eventually leads into Lake George. Four observation stations are then added from river kilometer 100, upstream to the middle of Lake George (river kilometer 185), to complete the set of twelve. Figure 4 shows the placement of the twelve observation stations within the Lower St. Johns River. Displayed is the superposition of the five major astronomical tidal constituents (M2, S2, N2, K1, and O1) and of the two major overtides (M4 and M6) of the dominant semi-diurnal frequency (M2), which reveals some decay in the tidal amplitude with distance upriver. In the middle stretch of the river the tidal amplitude has reduced significantly in strength from the inlet, but upstream from this point the channel constricts and the tidal amplitude increases slightly. Leading into Lake George tidal amplitudes become small, and inside of Lake George the astronomic tide is virtually damped out. The model is able to capture the tidal range within Lake George of only a few centimeters. We then focus attention on the M4 and M6 tidal constituents since these are the dominant overtides (note their frequencies are integer multiples, 4 and 6, respectively, of the fundamental M2 frequency from which they are derived; see Table 1 ) in the Lower St. Johns River. We know finite amplitude wave effects and advection induce a linear effect in combination with higher order effects on the flow, where the nonlinear effects arising from the interaction are important in generating even harmonic overtides (such as the M4 overtide), ter-and quarter-diurnal compound tides, and low frequency waves (Parker 1991) . Thus, our analysis herein focuses on correlations between finite wave amplitude effects/advection and M4 overtide growth. First, shown in Figure 4 (b) are amplitude ratios for the M4 and M6 overtides, the M2 tidal amplitude being used as the base. The two upstream observation stations are situated in the narrow channel leading out from the inlet throat and exhibit greater M4:M2 ratios than M6:M2. Clearly, advective flows near the inlet are driving a local growth in the M4 overtide.
To gain a representation of the finite wave amplitude effects/advection occurring in the domain, we assess velocity residuals at every computational node of the mesh. Compared to this global information about finite amplitude wave effects/advection is the spatial variability in the M4 water level amplitude. Additional model output is provided in the form of global velocities, that is, for each computational node of the mesh, the depth-integrated velocity is saved and harmonically analyzed to determine the associated constituent amplitudes and phases. From the time-series, velocity residuals are calculated which involves an averaging of computed tidal velocities over an M2 tidal period (Tee 1976; Pingree and Maddock 1977; Prandle 1978) . The M2 tidal period-averaged velocities are then averaged over a 14-day period to provide the velocity residual, the magnitudes of which are presented in Figure 5 + Also, the 14-day period over which the M2 tidal period-averaged velocities are averaged is between day 14 and day 28 in the numerical simulation. Velocity residuals computed herein are strictly the results of tidal distortion caused by the nonlinear growth of higher harmonics and compounds of the principal astronomic tidal constituents. The asymmetry of the tidal velocity is not to be interpreted as a net volume exchange.) The largest velocity residual magnitudes (about 25 cm/s) occur near the river mouth where the river geometry and channel bathymetry allow for highly advective flows. Interestingly, in this downstream portion of the river is where the greatest M4 water level amplitudes occur ( Figure 5[b] ) (generally around 4 cm). Also notable, upstream of where the river widens the magnitudes of the velocity residuals reduce significantly, on the order of centimeters per second. Also upstream of this point in the river the M4 water level amplitudes reduce generally to around 2 cm. Leading to this point in the river, however, the flow is highly variable over short distances as evidenced by the greater velocity residual magnitudes near the mouth.
We also know bottom friction to induce its own linear and higher order effects, the associated nonlinear effects being important in generating odd harmonic overtides (such as the M6 overtide) and semi-, ter-, fifth-, sixth-, and seventh-diurnal compound tides (Parker 1991) . Bottom friction effects can also have an influence on the growth of even harmonic overtides (like the M4 overtide), but this is due to interaction between the oscillatory tide and the mean river flow. (Note that the model does not include any mean river flow in the hydrodynamic simulation; however, steady [zero-frequency] components arising from the nonlinearities can interact with the oscillatory tidal components, leading to the growth of bottom friction-induced quarter-diurnal overtides.) Thus, our analysis herein focuses on correlations between bottom friction effects and M6 overtide growth. First, shown in Figure 4 (b) are amplitude ratios for the M4 and M6 overtides, the M2 being used as the base. Leading into and through the wide parts of the channel M6:M2 ratios are greater than M4:M2. Clearly, wider and shallower reaches of the river lends rise to greater M6 overtides.
To gain a representation of bottom friction effects occurring in the domain, we assess energy dissipation (for the M6 frequency) at every computational node of the mesh. This global information gained about bottom friction effects will be compared to the spatial variability of the M6 water level amplitude. We assess energy dissipation in terms of bottom friction over a tidal period (Taylor 1919): (8) where T = tidal period, , = north and east depth-integrated velocities, respectively, and = spatially constant minimum bottom friction coefficient. Energy dissipation varies as a cubic in the magnitude of the depth-integrated velocity; the units of ε are W/m 2 . We compute globally (i.e., for every computational node of the mesh) the energy dissipation at the M6 frequency to gain a representation of bottom friction effects in the domain (Figure 6[a] ). Bottom friction effects cause a deceleration in the flow, and hence we use M6 energy dissipation as a measure of the nonlinear bottomfriction effect on the astronomic tide. Different than the trend noticed with finite amplitude wave effects/advection, bottom friction effects are pronounced throughout the lower reaches of the river. Energy dissipation is rather consistent (with rates generally around 10 -4.5 W/m 2 ) throughout the Lower St. Johns River, showing little variability in space. Interestingly, the M6 water level amplitudes ( Figure  6 [b]) match the trend of M6 energy dissipation in terms of its spatial character, with fairly consistent values of 1.5 cm occurring throughout the Lower St. Johns River.
The above analysis is translated to the four stations located in the Lower St. Johns River to gain further insight into the nonlinear mechanisms of the hydrodynamic system. (Refer to Figure 2 for station locations and Table 2 for station information.) First, as a measure of wave dispersion in the Lower St. Johns River, the M4 and M6 overtides are compared to the fundamental M2 frequency, in terms of their respective amplitudes (Table 7 , fifth and seventh columns). The M4:M2 amplitude ratio is higher for the two downstream stations (6.3% and 10.0% for Dames Point and Acosta Bridge, respectively) than for the two upstream stations (3.8% and 5.1% for Buckman Bridge and Shands Bridge, respectively). Also provided for each station is the magnitude of the velocity residual (Table 7 , sixth column), which is greatest at Dames Point (8.7 cm/s) and decreases (in a general sense) with river distance from the mouth. One observation is that regions with higher velocity residuals correspond to greater dispersion of the M2 wave into the M4 overtide. Also notable is that the river channel is relatively confined (but with sharps turns in its path) around the two downstream stations, which appears to be contributing to the nonlinear response due to finite amplitude effects/advection. Different from the growth pattern observed for the M4 overtide, the M6:M2 amplitude ratio grows with advancement up the Lower St. Johns River (from 2.6% at Dames Point to 12.1% at Shands Bridge). Contrary, the M6 energy dissipation across all four stations is relatively consistent (Table 7 , eighth column) (with rates generally around 10 -4.5 W/m 2 ). We interpret this as a cumulative nonlinear influence due to bottom friction as one advances upriver, driven by the combined degradation of the M2 wave and the growth of the M6 overtide.
CONCLUSIONS
Foremost, the Lower St. Johns River creates a highly nonlinear environment for the astronomic tide, due to its irregular coastline configuration and varying bottom elevation. The astronomic tide outside the river mouth (in the open sea) is simple enough to describe using only seven astronomical tidal constituents. As the ocean tide enters the inlet and propagates upriver, it becomes distorted and higher harmonics and compound tides arise as nonlinear byproducts. Inside the estuary, astronomical tidal constituents must be considered in combination with shallow water tidal constituents if one desires to capture the full nonlinear behavior of the river tide. In this study we investigated the nonlinear processes occurring in the Lower St. Johns River, where we have shown a spatial variability (or lack thereof) with the nonlinear sources and also with the nonlinear response of the tide. The nonlinear sources of the Lower St. Johns River were examined in terms of velocity residuals (with respect to finite amplitude wave effects and advection) and energy dissipation (with respect to bottom friction effects). The analysis utilized domain-wide model output in the form of depth-integrated velocities. We learned that finite amplitude wave effects/advection in the Lower St. Johns River are more dominant near the mouth and directly influence the nonlinear growth of even harmonics (we assessed in terms of the M4:M2 amplitude ratio). The feedback in this mode (M4 generated from M2) appears to have localized effects. Counter to this, the tidal energy analysis exposed a consistent pattern of bottom friction effects throughout the Lower St. Johns River, while the nonlinear growth of odd harmonics (we demonstrated for the M6 overtide) showed an increasing trend with advancement upriver. The feedback in this mode (M6 generated from M2) appears to have cumulative effects in the river.
Starting from a pre-existing set of 23 tidal constituents, we constructed a custom set of 39 tidal constituents which allows for maximum reproduction of the astronomic tide. An alternative harmonic analysis utility T_TIDE (Pawlowicz et al. 2002) was employed for the extraction of additional shallow water tidal constituents. A total of 16 (shallow water) tidal constituents were gained from the T_TIDE application, which when combined with the pre-defined constituent set of 23 produced the custom 39-constituent dataset. In conclusion, when concerned with the astronomic tide in the open ocean and coast, a set of astronomical tidal constituents is sufficient to recreate the full tidal signal. However, the river tide cannot be described using astronomical tidal constituents alone (e.g., like the set of seven forcing frequencies applied at the open boundary), since the nonlinear distortions it contains occur at higher (or compound) frequencies. Customizing the 39-constituent dataset to include additional shallow water tidal constituents leads to the best capture of the full tidal signal in the river.
Finally, where our tidal constituent analysis focused on water surface elevations, the extension to tidal velocities is important. Consider that the nonlinearity of the river causes complications to the flow, and using an incomplete set of the tidal constituents will miss some of these finer features in the hydrodynamics. One implication here is that capturing the flow in its fully nonlinear form will lead to the most accurate simulation of flow-driven material transport in the river. Therefore, the final recommendation is to not limit oneself with a set of tidal constituents; rather, model the full nonlinear hydrodynamics when evaluating material transport in a tidally influenced coastal river. 
